Context. Selection of extragalactic point sources, e.g. QSOs, is often hampered by significant selection effects causing existing samples to have rather complex selection functions. Aims. We explore whether a purely astrometric selection of extragalactic point sources, e.g. QSOs, is feasible with the ongoing Gaia mission. Such a selection would be interesting as it would be unbiased in terms of colours of the targets and hence would allow selection also with colours in the stellar sequence. Methods. We have analyzed a total of 18 representative regions of the sky by using GUMS, the simulator prepared for ESAs Gaia mission, both in the range of 12 ≤ G ≤ 20 mag and 12 ≤ G ≤ 18 mag. For each region we determine the density of apparently stationary stellar sources, i.e. sources for which Gaia cannot measure a significant proper motion. The density is contrasted with the density of extragalactic point sources, e.g. QSOs, in order to establish in which celestial directions a pure astrometric selection is feasible.
Introduction
Since their discorvery in the early 1960s (Schmidt 1963) numerous surveys for Quasi Stellar Objects (QSOs) have been carried out and the number of known QSOs now count hundreds of thousands. To have a complete understanding of super-massive black hole formation and evolution it is desireable to have QSO samples selected in several different ways in order to be less constrained by selection effects. The incompleteness of QSO samples based on selection by optical photometry has been studied intensively for many years (see, e.g., Richards et al. 2004 , for a color selection of QSOs from the SDSS survey) and it is now well established that such samples miss a substantial number of in particular dust-reddened QSOs (see, e.g., Krawczyk et al. 2014 , for a recent study) and has clear biases in the constrains of the QSO Spectral Energy Distributions (SEDs). Our strategy is instead to select QSO candidates, or more generally any extragalactic point source, solely on the basis of zero proper motion. In order to examine the feasibility of this approach we first need to determine the contamination by the stars in our galaxy, by analyzing how many stars will be selected by the zero proper motion criterium and towards which galactic coordinates the problem of stellar contamination will be most severe.
To describe this we have structured the paper as follows. We start with a brief description of the Gaia mission and show the expected errors on proper motion from this mission and the usefulness of the soon to be obtained highly accurate astrometric measurements in Section 2. To get a hint on these future data we have in this paper used extracts from a catalog of 1.6 billion stars generated for the Gaia mission, the so-called Gaia Universe model snapshot (GUMS) which also will be shortly described in Section 2. In Section 3 and 4 we will discuss the results of this analysis and thereby conclude on the desired feasibility of this new approach. In the analysis we not only consider what we can accomplish with the Gaia mission alone, but also with Gaia plus a successor mission similar to Gaia operating about 20 years from now.
Simulated Gaia Data
The Gaia mission, launched by ESA in December 2013, is a very powerful astrometric mission that is scheduled to make a threedimensional map of our galaxy, and provide an unprecedented measurement of positions, proper motions and distances to more than one billion stellar systems to a limit in the G-band of 20 mag during its 5-6 years mission life time (de Bruijne 2012).
GUMS
Gaia is expected to transmit close to 150 terabytes of raw data, therefore preparation of acquiring this amount of data is essential (Luri et al. 2014 ysis Consortium (DPAC) has produced a set of simulators, including the Gaia Object Generator (GOG) which provides simulations of number counts and lists of observable objects and is designed to simulate catalog data (see, e.g., Robin et al. 2012) . A basic component of the Gaia simulator is its Universe Model (UM) from Robin et al. (2003 Robin et al. ( , 2004 and this model is capable of simulating almost every object down to Gaia's limiting magnitude of G = 20 mag, both for galactic and extra-galactic objects (Luri et al. 2014) . The Gaia simulator combined with the universe model is then supposed to show a snapshot of the potentially observable objects by Gaia, thereby called the Gaia Universe Model Snapshot (GUMS). See especially section 3 in Robin et al. (2012) for the full description of the stellar content. We have used the extracts from this catalog of 1.6 billion stars which have been generated by GUMS and can be obtained via the vizier website 1 . This has enabled us to derive precise numbers for the expected stellar contamination and the probability of separating QSOs and other extragalactic point sources from local galactic sources.
Expected Gaia errors
The standard errors for a five year mission as expected before the launch of Gaia have been assumed here. These errors and the signal-to-noise ratio, S /N, are calculated as a function of the apparent magnitude G, which is approximately equal to the visual magnitude V. The following formulae are taken from de Bruijne (2012) 2 :
where G is the G-band magnitude, σ π denotes the error on the parallax measurement, σ µ is the error on the proper motion, and for an unreddened G2V star we can set (V − I C ) = 0.75 (de Bruijne 2012). For G = 20 mag this yield a lower limit in σ µ of about 0.3 mas/yr and for G = 18 mag it is close to 0.1 mas/yr.
Results
It is now possible to determine the expected contamination from stars with proper motions below the detection limit of Gaia.
In Figure 1 we have for G ≤ 20 mag plotted on a logarithmic scale the proper motion in units of [mas/yr] versus the expected number of stars in one square degree on the sky per 0.2 mas/yr bin, in 7 directions, of a total of 18 directions, as listed in Tables  1 to 4 of Section 3. Note, that for the plots of varying galactic latitude, b, we printed a larger area of the sky of 3×3 or 5×5 deg 2 , and afterwards divided the total number of stars with 9 or 25, respectively, in order to normalize the y-axis since the 1×1 deg 2 area away from the galactic plane have a low density of stars.
To be conservative we consider stars with proper motions measured with S /N ≤ 5 as possible contaminants. We also calculate the number of sources with S /N ≤ 0.5, which is the equivalent of S /N ≤ 5 for a data set based on Gaia plus a successor mission similar to Gaia operating about 20 years from now. Such a Gaia successor mission has been proposed in May 2013 by Høg (2014a) as being crucial for the astrometric foundation of astrophysics and the proposal has been elaborated e.g. in Høg (2014b) .
We show the results found when analyzing how many of the total number of stars in each direction in one square degree have S /N ≤ 5 and S /N ≤ 0.5, both for G ≤ 20 mag and G ≤ 18 mag. In Fig. 3 this is shown graphically, whereas the listed values are shown in Tables 1, 2 , 3 and 4. The points for G = 20 mag, black in Fig. 3 , show that the number of contaminating stars is reduced by a factor 100 with the proposed Gaia successor mission, precisely what was expected with 10 times smaller errors of proper motions in the two celestial coordinates.
The surface density of known QSOs at each limiting magnitude from the BOSS catalog (see, e.g., Pâris et al. 2012 , for the full catalog description) is plotted in Figure 2 . Note that here we have plotted as a function of g-band magnitude as we do not have G-band magnitudes for the BOSS QSOs. The density of BOSS QSOs is shown as the two dotted lines (assuming g ≈ G) in Fig. 3 to indicate the relative frequency of known QSOs and galactic stars for each pointing direction.
It can be concluded from Fig. 3 that when observing with Gaia at G ≤ 20 mag, the probability that a point source with proper motion detected at less than 5σ is a QSO drops rapidly when observing below |b| = 30 o . We have the highest probability to select a QSO with Gaia at S /N ≤ 5 for G ≤ 20 at (l, b) = (180, 60) where:
The probability is just above 50% at |b| = 30 o which means that this way of selecting extragalactic point sources clearly is feasible. Also shown in Fig. 3 is that with a Gaia successor mission 20 years after the current Gaia mission the contamination from apparently stationary stars essentially would be eliminated. A&A proofs: manuscript no. draft10 Table 4 . Results of data when only varying b, observing away from the galactic plane for G ≤ 18 mag. When restricting the analysis to a brighter limiting magnitude of G ≤ 18 instead, the contamination from apparently stationary stars is slightly higher. The first line of Tables 1 to 4 denotes the total number of stars per square degree in the listed direction. The next three lines show the number of stars with values lower than µ ≤ 0.3 mas/yr, S /N ≤ 5 and S /N ≤ 0.5, respectively. The final two lines shows the QSO fraction, when observing point sources in the limit of S /N = 5 and S /N = 0.5, respectively.
Discussion and Conclusions
We have used the object simulator prepared for the Gaia mission, GUMS, to determine the expected contamination from galactic stars in a search for extragalactic point sources based on astrometric measurements from Gaia.
By analysing the GUMS we determine the frequency of selecting a QSO based on the density inferred from BOSS against the background of apparently stationary stars. This provides a conservative estimate of the relative number of QSOs and apparently stationary stars as the BOSS survey does not contain all QSOs down to the flux limit of the survey (examples of missed QSOs can be found in Fynbo et al. 2013; Krogager et al. 2014) .
At |b| > 30 o the ratio of QSOs relative to stars is above 50% when observing down to G ≤ 20 mag. When decreasing the magnitude range to G ≤ 18 mag a lower number of stellar contamination is obtained but the relative QSO surface density in that magnitude range decreases as well, yielding a sightly higher level of stellar contamination. When observing below |b| = 30 o , close to the galactic plane, the contamination increases rapidly.
With a Gaia successor mission, i.e. a mission similar to Gaia launched in about 20 years from now, the standard error on the measurement of the proper motions would decrease by about a factor of ten, resulting in 100 times improvement in the ability to select extragalactic point sources against the background of apparently stationary stars.
Since the method we analyse here is unbiased in terms of colour this method has the potential to discover new, exotic types of QSOs and even in principle new classes of extragalactic point sources. Also, this method would allow the construction of an unbiased QSO sample limited only in its flux limit. This would be very valuable for adressing several issues, e.g. the true metallicity distribution of foreground Damped Lyman-α Absorber galaxies (e.g., Fall & Pei 1993) or the redshift distribution of Broad Absorption Line QSOs (Saturni et al. ????) .
We also note that the astrometric information from Gaia will be very useful to remove contaminating stellar sources from other more targetted searches for red QSOs. Often such contaminating sources are M-dwarfs, which due to their small distances should have significant proper motions.
We have assumed that QSOs are point sources, but we are aware that this is not always the case. Variability of a QSO with changing centres could introduce observed proper motions. We are not able to quantify these effects which are scientifically interesting, but this might be possible once our proposed selection has been done and a comparison is made with other selections of QSOs.
